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We study the spin dephasing in n-doped bulk GaAs under moderate magnetic fields in Voigt con-
figuration due to the Dyakonov-Perel (DP) effect by constructing and numerically solving the ki-
netic Bloch equations. Both acoustic (AC) and longitudinal optical (LO) phonon scattering, to-
gether with impurity scattering, are included in our theory, and their contributions to the spin
dephasing time under the DP effect are examined in detail. The spin dephasing time is obtained
from the time evolution of the incoherently summed spin coherence. We investigate how the spin
dephasing time is affected by temperature, impurity level, magnetic field, and electron density. In
particular, our theory shows that spin dephasing time increases with increasing magnetic field. We
find that, contrary to the prediction of previous simplified treatments of the DP effect, the spin
dephasing time increases with temperature in the presence of impurity scattering. These results are
in qualitative agreement with recent experiments.

1. Introduction

With the recent development of ultrafast nonlinear optical experiments [1-12], electron
spin within semiconductors has become a focus of interest as it shows great potential to
be used to store quantum coherence. For this purpose, the spin lifetime must be long
enough to allow the processing of the stored information. For n-doped bulk GaAs, it is
found experimentally that the spin lifetime can last up to 100 ns [10]. This finding has
stimulated optimism that coherent electrons will finally be realized as a basis for quan-
tum computation.

The electron spin coherence can be observed directly by femtosecond time-resolved
Faraday rotation in the Voigt configuration. In that configuration a moderate magnetic
field is applied normal to the growth axis of the sample. The coherence is introduced
by a circularly polarized pump pulse that creates electrons and holes with an initial spin
orientation normal to the magnetic field. Then the magnetic field causes the electron
spin to flip back and forth along the growth axis which makes the net spin precess
about the magnetic field. After a certain delay time 7, a linearly polarized probe pulse
is sent into the sample along a direction slightly different from the pump pulse. By
measuring the Faraday rotation angle, one can sensitively detect the net spin of elec-
trons associated with the delay time 7. This method has proven to be extremely success-
ful in measuring coherent spin evolution and spin dephasing [1, 2, 8-10].

1) Corresponding author; e-mail: mwu@chem.ucsb.edu



524 M.W. Wu and C.Z. NING

In order to explore spin-related device applications, it is important to understand the
spin dephasing mechanism. Three such mechanisms have been proposed in semiconduc-
tors [13, 14]: the Elliott-Yafet (EY) mechanism [15, 16], the Dyakonov-Perel (DP) me-
chanism [17], and the Bir-Aronov-Pikus (BAP) mechanism [18]. In the EY mechanism,
spin—orbit interaction leads to mixing of wave functions of opposite spins. This results in
nonzero electron spin flip due to impurity and phonon scattering. The DP mechanism [17]
is due to spin—orbit interaction in crystals without inversion center which results in spin
state splitting of the conduction band at k # 0. This is equivalent to an effective magnetic
field acting on the spin, with its magnitude and orientation depending on k. Finally, the
BAP mechanism [18] originates from mixing of heavy hole (hh) and light hole (lh) bands
induced by spin—orbit coupling.?) Spin-flip scattering of electrons by holes due to Cou-
lomb interaction is therefore permitted, which gives rise to spin dephasing.

For GaAs, the EY mechanism is less effective under most conditions, due to the
large band gap and low scattering rate for high quality samples. The BAP mechanism is
important for either p-doped or insulating GaAs. For n-doped samples, however, as
holes are rapidly recombined with electrons due to the presence of a large number of
electrons, spin dephasing due to the regular BAP mechanism is blocked. Therefore, the
DP mechanism (or possibly the EY mechanism under certain conditions) is the main
mechanism for spin dephasing.

Recently, we presented a kinetic theory to describe the spin precession in an un-
doped insulating ZnSe/Zn;_,Cd,Se quantum well under moderate magnetic fields in
the Voigt configuration [19]. With optical and spin coherence being clarified, we con-
structed the kinetic Bloch equations and calculated dephasing and relaxation kinetics of
laser-pulse excited plasma due to statically screened Coulomb scattering and the elec-
tron—hole spin exchange effect (the BAP mechanism). (We also proposed in [19] an-
other spin dephasing mechanism due to relativistic expansion of electron—hole Cou-
lomb scattering. However, our recent first-principle calculation of the matrix element
shows that this mechanism can be neglected for ZnSe and the scattering matrix element of
electron-hole spin exchange in [19] should be considered only from the BAP mechanism.)

In this paper, we extend our theory to the case of n-doped bulk GaAs. For the
reason stated above, we will focus on the DP mechanism and study how it affects spin
dephasing. Moreover, we will study how moderate magnetic fields can change the spin
lifetime. It was discovered experimentally that for highly n-doped samples the spin life-
time increases with increasing magnetic field, whereas for undoped or lightly doped
samples the spin lifetime decreases with increasing magnetic field [10]. To our knowl-
edge, this experimental result has not been discussed theoretically. For low and moder-
ate magnetic fields, Landau splitting is unimportant and the magnetic field should not
affect the spin dephasing time induced by the EY and/or BAP mechanisms. Therefore,
the DP mechanism, alone or together with the other two mechanisms, should be re-
sponsible for the magnetic field dependence of the spin dephasing time.

Our theory is based on a two-spin-band model in the conduction band. As the spin
dephasing time for n-doped samples is orders of magnitude longer than the optical
dephasing time (of the order of a few hundred fs), and the pump pulse in the experi-

2) For bulk GaAs, the mixing happens not only at k # 0 points, but also strongly at the T' point
due to the degeneracy of hh and lh at that point. However, for the 2D case, the degeneracy at the
I' point is lifted and the mixing mainly happens at non-I" points.
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ments [8—10] is ultrashort (100 fs), the initial pump and optical dephasing process will
not be considered. This means that we will not address questions such as how a circu-
larly polarized pump pulse introduces optical coherence together with unbalanced elec-
tron distributions in spin-up and -down bands, and how the optical coherence dephases
due to carrier—carrier scattering. Instead, we assume that at r = 0 all optical coherence
together with the optically generated electron-hole pairs has vanished, and what re-
mains of the initial pump pulse in the system is the unbalanced electron Fermi distribu-
tions in spin-up and -down conduction bands. The contribution of DP terms is turned
on at t =0. A kinetic theory with all the initial processes included has been given in
our recent paper [19].

2. Model and Kinetic Equations

In the presence of a magnetic field B and with the DP effect included, the Hamiltonian
of an electron in the conduction band e = k*/2m* has the form

0 4
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Here ¢ are the Pauli matrices. For bulk material, h(k), which is sometimes referred to

as the Dresselhaus term [20], can be written as

ho(K) = yke(ky —k2),  hy(k) = yky(k2 = k3),  he(k) = vk (ki = k3), (2)

with y = (4/3) (m*/me,) (1/ 2m*3Eg) (n/+/1—mn/3) and n =A4/(E; + A). Here E, de-
notes the band gap, 4 represents the spin—orbit splitting of the valence band, and m.y
is a constant close in magnitude to the free electron mass mg [14]. The interaction
Hamiltonian Hp is composed of Coulomb interaction He., electron—LO phonon interac-
tion Hi o, electron—AC phonon interaction Hac, as well as electron—impurity scattering
H;. Their expressions can be found in books [21, 22].

We construct the kinetic Bloch equations by the nonequilibrium Green function
method [21] as follows:

pk, oo’ — pk, oo’ ‘coh + pkOU’ |scatt . (3)

Here py , represents a single particle density matrix of the conduction bands. The
diagonal elements describe the carrier distribution functions Px.os = fks Of wave vector
k and spin o. The off-diagonal elements Pl = 0O describe the inter-spin-band polari-
zation components (coherences) for the spin coherence [19]. Note that
P31 = p:%_% = ox. Therefore, fubs fiei» and g, are the quantities to be determined
from the Bloch equations.

The coherent part of the equation of motion for the electron distribution function is
given by

0
o Jxo| = —20{[gupB + hy(k)] Im o + hy(k) Re o}
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where Vy = 4me?/[eo(q* + x?)] is the Coulomb matrix element under static screening
with k2 = 6’ N, /(eoEr). N, denotes the total electron density, Er stands for the Fermi
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energy, and ¢, is the static dielectric constant. In this paper, the magnetic field is as-
sumed to be in the x-direction. The first term on the right hand side (RHS) of Eq. (4)
describes spin precession of electrons under the magnetic field B as well as the effec-
tive magnetic field h due to the DP effect. The second term comes from the Fock term
of the Coulomb interaction. The scattering terms of electron distributions in the Marko-
vian limit are given by

af ko
ot

= { — 47 Z); 8ap O(ex — exq — 2q1) INgp (o — fi—qo)
q
+ fuo(1 = fu—qo) — Re (040k—q)]
— 4.7[Ni Z Ué 6(81( — Ek_q) [fko(l _fk—qa) —Re (Qin—q)}}
q
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in which {k < k — q} stands for the same terms as in the previous {} but with the
interchange k < k — q. The first term inside the braces on the RHS of Eq. (5) comes
from the electron—phonon interaction. 4 stands for different phonon modes, i.e., one
LO mode, one longitudinal AC mode due to the deformation potential, and two AC
modes due to the transverse piezoelectric field. gq; are the matrix elements of elec-
tron—phonon coupling for mode A. For LO phonons, gflLo = 4na9i/(§ (\/Z_uqz) with
a=e\/u/(2Q10) (¢} —¢;'). €x is the optical dielectric constant and Q¢ is the LO
phonon frequency. For longitudinal phonons due to a deformation potential,
gfl.l = 52g/2dvy with Z being the acoustic deformation potential, d the GaAs volume
density, and vy representing longitudinal sound velocity. The corresponding phonon
frequency is Qg = vqq. There are two transverse AC phonon modes due to the piezo-

electric field, and their contribution to electron—phonon coupling elements is given by
2

,*gzg%'t" =327’ et [q2q) + 429% + 429% — (30x9y9:)*/4%)/(Edvaq®), with eys being the
piezoelectric constant and vy denoting the transverse sound velocity. The corresponding
phonon frequency is €4 = vsq. The second term inside the braces on the RHS of Eq.
(5) results from electron—impurity scattering under random phase approximation with
N; denoting the impurity density. Uy = 47Z;e?/[e0(q* + x*)] and Z; is the charge num-
ber of the impurity. Z; is assumed to be 1 throughout our calculation.
Ny = 1/[exp (24:/ksT) — 1] is the Bose distribution of phonon mode 4 at temperature T.
It is noted that here and hereafter the Coulomb interaction is kept only at the Hartree-
Fock level. As we mentioned previously, we assumed that all fast optical processes due to
Coulomb scattering have been completed. A Fermi distribution has been reached before
we turn on the DP term h(k) (Eq.(2)) in each spin band. In general, it is also necessary to
keep the Coulomb scattering to guarantee that the carrier system relaxes back to the
Fermi distribution after being driven away from the original Fermi distribution by mag-
netic field induced spin flipping between the two spin bands. However, the maximum
imbalance of the electrons in the spin-up and -down bands in the experiments is at least
two orders of magnitude smaller than the total electron density. Therefore the non-equili-
brium carrier distribution further introduced in each spin band by the magnetic field is
marginal since the electron distribution in each spin band is always in quasi-equilibrium.
Hence in the present case Coulomb scattering is of marginal importance and we only
include electron—phonon and/or electron—impurity scattering in our calculation.

scatt
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Similarly, the coherent and scattering parts of the spin coherence are given by
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Notwithstanding the fact that we call Egs. (4) and (6) the “coherent” parts of the equa-
tions of motion, the spin dephasing comes from the anisotropic property of the DP
term h(k) in these parts. If one takes h = 0, electron—phonon and electron—impurity
scattering alone cannot introduce any spin dephasing. This can be seen from the fact

that S22 _ o 1],
k

8t scatt
The initial conditions at ¢t = 0 are taken as
Qk‘z:O =0, (8)
Jeolizo =1/{exp [(ex — u,)/ksT] + 1}, )

where u,, is the chemical potential for spin o. The condition 12 # My gives rise to the
imbalance of the carrier densities of the two spin bands. Equations (3) through (7)
together with the initial conditions Egs. (8) and (9) comprise the complete set of kinetic
Bloch equations of our investigation.

3. Numerical Results

Before we present our numerical results, we would like to emphasize the spirit of our
approach. As one notices, all the unknowns to be solved appear in the scattering terms.
Specifically, the electron distribution function is no longer a Fermi distribution because
of the existence of the anisotropic DP term h(k). This term in the coherent part drives
the electron distribution away from an isotropic Fermi distribution, and the scattering
terms attempt to randomize electrons in k-space. Obviously, both the coherent part and
the scattering terms have to be solved self-consistently to obtain the distribution func-
tion and the spin coherence.

We numerically solve the kinetic Bloch equations in such a self-consistent fashion to
study the spin precession between the spin-up and -down bands. While we include elec-
tron—phonon scattering for all cases, electron—impurity scattering is sometimes ex-
cluded. As discussed in our previous paper [19], irreversible [23] spin dephasing is well
defined by the envelope of the incoherently summed spin coherence p(t) = > |o,()]. In

K

the following we will therefore plot the time evolution of p(¢) and the electron density
Ny = fko of spin o. The material parameters of GaAs for our calculation are tabu-
K

lated in Table 1 [24]. m,, is taken to be 0.5 my throughout the calculation. Due to the
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Table 1
Parameters used in the numerical calculations

Koo 10.8 K 12.9

Q10 35.4meV =) 7 eV

m* 0.067my d 5.3 x 10 kg/m3
Vel 5.29 x 10° m/s Vet 2.48 x 10° m/s
e 1.41 x 10° V/m A 0.341 eV

g 0.4 E, 155 eV

anisotropic property of the DP effect, we have to distinguish all six k-directions: +k;

(i=x, y, and z). We truncate each k; from —Kgy to Ky with Koy = 1/2m™ (3Eg). In-
stead of dividing [—Kcyt, Kewt] equally in k-space, we divide the energy domain [0,3EF]
into M segments of equal size to facilitate the evaluation of energy conservation (d-func-
tions) in the scattering terms of Egs. (5) and (7). The corresponding k-space grid points
are —/(M —1)/M Key, -+, —Kew/VM, 0, Kewt/VM, -+, /(M —1)/M Ky, where we
take values of fi, and g,. The total number of summations of each scattering term in
calculating the Bloch equations scales as My = (2M — 1)6. This prevents us from taking
a large value for M. In our calculation M = 7 is assumed, which gives M, ~ 4.8 x 10, It
is understood that the small sampling of k-space renders our results quantitatively less
accurate. However, we have verified the accuracy by varying the number of k-points
with M up to 11. The results reported here are qualitatively accurate. Our main results
are plotted in Figs. 1 to 5.

In Figs. 1 to 4 the total electron density in the two spin bands is N, = 10> m™3,
whereas the density in the spin-up band is about 5 x 102 m~3 higher than in the spin-
down band at ¢ = 0. This imbalance is assumed to be initially introduced by a circularly
polarized pump pulse.

In Fig. 1 we plot the electron density in the spin-up and -down bands together with
the incoherently summed spin coherence as a function of time for B=1T, T =30 K,
and impurity density N; = 0. It is seen from the figure that excess electrons in the spin-
up band start to flip to the spin-down band at t = 0 due to the presence of the magnetic

—rr 0.1
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1 0.08
5
iz 006 _
a 3
S 498 & . . . .
N «  Fig. 1. Electron density N, in spin
Z 0.04 band o and incoherently summed
spin coherence p are plotted as a
496 function of time ¢ for 7 =30 K and
’ 0.02 B =1 T. Impurity scattering is not
included. Note that the scale of the
spin coherence is on the right side of

4.94 - 0 the figure
0 100 200 300 400 500 600 700 800

t (ps)
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field. In the meantime the spin coherence p accumulates. At about 40 ps, the electron
densities in the two spin bands become equal and the spin coherence reaches the max-
imum. Then the spin coherence starts to feed back and the electron density in the spin-
down band exceeds that in the spin-up band while p decreases. At about 79 ps, p reaches
0, whereas the density difference in the two spin bands reaches the maximum again with
the excess electrons now in the spin-down band. Had there been no spin dephasing, the
density of electrons in the spin-down band would have reached the same height as that
in the spin-up band at t = 0. However, due to spin dephasing the second peak is lower
than the first one. This oscillation goes on until the amplitude of the oscillation becomes
zero due to spin dephasing. Differing from the case of an insulating semiconductor
where holes play an important role and the beating frequency is determined by Zeeman
splitting, redshifted by the Hartree-Fock type of Coulomb interaction and BAP scatter-
ing [19], the beating frequency here is mainly determined by Zeeman splitting. The con-
tribution of the Hartree-Fock term in Eq. (6) is negligible in this n-doped case.

We plot the incoherently summed spin coherence as a function of time ¢ for 7 = 30 K
and B=1 T in Figs. 2a and b with N; =0 and 0.01 N,, respectively. The envelopes
of p(t) are also plotted in the same figures for B =1, 2, 4, and 6 T. From the slope of
the envelope function one obtains the spin dephasing times 7, which are plotted versus
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the magnetic field in the insets of the same figures. By comparing the insets of Figs. 2a
and b, we note that the spin dephasing time decreases when impurities are introduced.
However, if we further increase the impurity density from N; = 0.01 N, in Fig. 2b to
N; =0.1 N; in Fig. 2c, the spin dephasing time increases again. The slope of the solid
(B=6T) and the dashed curve (B =1 T) in Fig. 2c gives a dephasing time of about
714 ps, whereas the dotted curve for B=1 T and N; =0.01 N, in the same figure
results in the dephasing time being 254 ps. In Fig. 2c, we also notice that the difference
of spin dephasing time between different magnetic fields is negligible, as the dashed
and the solid curve have almost the same slope.

This interesting property that spin dephasing time changes with impurity levels can
be understood as follows. First, neither the DP term nor the scattering terms alone can
introduce spin dephasing. They need to be combined to induce spin dephasing [17].
Therefore, when there is no scattering, spin lifetime is infinite. Introduction of scatter-
ing into such an anisotropic system reduces spin lifetime. This can be seen in Fig. 2a
where electron—phonon scattering reduces spin lifetime. The same is true when we put
impurities at N; = 0.01 N, into the system. However, scattering also redistributes elec-
trons in momentum space and tends to lead them towards an isotropic distribution. As
a result, when we further increase the impurity density by one order of magnitude, the
anisotropy introduced by the DP effect is suppressed, and the spin dephasing time in-
creases. Moreover, our results show that with the suppression of the DP effect, the
magnetic field dependence of spin dephasing time is also suppressed, as we mentioned
above.

We now consider the temperature dependence of the spin dephasing time. In Fig. 3,
spin dephasing time 7, is plotted against magnetic field for three typical temperatures
T =5, 30, and 100 K, where phonons play different roles in the scattering. At T =5 K,
the electron—phonon scattering does not make any contribution and electron—impurity
scattering is the only scattering mechanism. Indeed, at this temperature we find no spin
dephasing when we switch off impurity scattering by setting N; = 0. Therefore spin de-
phasing at 7 =5 K in Fig. 3 is purely due to impurity scattering. In addition to elec-
tron—impurity scattering, electron—AC phonon scattering starts to make a contribution
at higher temperatures such as at 7' = 30 K. At a still higher temperature (7 = 100 K),
electron-LO phonon scattering be-

i sK comes important. More importantly, our
400 ¢ :30 K theory predicts that the spin lifetime in-
& 100 K creases as the temperature rises in the
360 . - presence of impurities. This property is
a = opposite to the results of earlier simpli-
= 30 [ fied treatments of the DP effect, where
S A
<
280 A °
A
- A ®
40T Fig. 3. Spin dephasing time 7 as a function
I ° L N;=0.01Ne of magnetic field under three different tem-
200 L | | | | el peratures 7 =5, 30, and 100 K. N; = 0.01 N,
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500 Fig. 4. Spin dephasing time 7, as a function of
® magnetic field for temperature 7 =30 and
ol 30K 100 K. N; =0
= 100 K e
420
e ©
& 350 L it was predicted that the spin lifetime
< decreases with increasing temperature in
240 L ONi=0 either bulk [17] or 2D systems [25].
[ - However, a recent experiment by Ohno
- et al. [12] showed that the spin lifetime
0 4 0= increases uniquely with increasing tem-
perature for an n-doped GaAs quantum

260 iombse bt b= well. For n-type bulk GaAs, Kikkawa et
0 1 2 3 4 5 6 7 . .
al. [10] also showed that the spin life-
B (T) e .

time increases with temperature up to
50 K in one case. The physics of this feature now seems clear: When temperature
increases, electron—impurity scattering becomes stronger which, as discussed above,
suppresses the anisotropy introduced by the DP effect. Therefore the spin lifetime is
increased. However, at a higher impurity level (say, N; = 0.1 N,), it is found from our
calculation that the spin dephasing time is rather insensitive to the temperature,

although it increases slightly with rising temperature.

It is interesting to note that with increasing temperature the electron—phonon scatter-
ing-induced momentum redistribution is much less efficient in destroying the anisotropy
than that induced by electron—impurity scattering. Instead, in the impurity-free case,
the DP dephasing mechanism increases more efficiently with temperature. As a result,
the spin lifetime decreases significantly with increasing temperature, contrary to the
case with impurities. This can be seen from Fig. 4, in which the spin dephasing time 7
is plotted versus B for 7 =30 K and 100 K. We did not include 7, for the 5 K case as
the spin lifetime is almost infinite at this temperature for the impurity-free case.

Let us now move on to the magnetic field dependence of the spin dephasing time. In
the insets of Figs. 2a and b as well as in Figs. 3 and 4, a common feature is that the spin
dephasing time increases with magnetic field. This feature persists at all impurity densi-
ties, temperatures, and electron densities (see Fig. 5 in the following) we have simu-
lated. This is consistent with what was measured in an experiment by Kikkawa et al.
for high electron density cases [10]. A plausible explanation is as follows: The magnetic
field forces electrons to precess around it. This precession introduces additional symme-
try in the momentum space which limits the k-space available to the DP effect which is
anisotropic in it. Therefore the spin lifetime increases with magnetic field. Furthermore,
we notice that the magnetic field dependence of the spin dephasing time is suppressed
at higher impurity levels, as shown by Fig. 2c, or at higher temperatures, as shown in
Fig. 3 (see the filled squares). This is because the new symmetry induced by the mag-
netic field has little effect once the system is already more or less randomized in
k-space by the high impurity level.

Now we turn to the problem of density dependence of spin dephasing. In Fig. 5 we
plot the spin dephasing time as a function of the magnetic field for an electron density
N. = 10 m~3, which is one order of magnitude lower than in the previous case, and
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1400 Fig. 5. Spin dephasing time 75 as a function
P of magnetic field for temperature 7 = 30
I 30K and 100 K. N, = 102 m~ and N; = 0.01 N,
1300 - w100 K ° "
[ n
1200 -
g i ° temperatures 7 =30 and 100 K. At
< ! t =0, the electron density in the spin-
1100 ¢ . up band is 2 x 10?° m™3 higher than
" that in the spin-down band. The impur-
1000 F = Nl\?f_](901§73 ity density is N; =0.01 N.. It can be
I 1=0.01N,

seen from the figure that the spin life-
i time now becomes much longer, rising
900 oo from hundreds of picoseconds in the
previous case to nanoseconds. This is
because the DP effect (Eq. (2)) is pro-
portional to k3 and therefore propor-
tional to N.. When we decrease the electron density, the DP term becomes less impor-
tant. Therefore, the spin lifetime becomes much longer. Similar to the former high
density case, it is also noted in Fig. 5 that the spin lifetime increases with the magnetic
field. This is not in agreement with what was seen in the experiment by Kikkawa et al.
[10]. They reported that the spin lifetime decreases with increasing magnetic field at
low electron density. The physics behind that experimental result is still unclear to us
and more investigations are required.

B (T)

4. Conclusion

In conclusion, we have performed a systematic investigation of the DP effect on the spin
dephasing of n-type GaAs under moderate magnetic fields in Voigt configuration. Based
on the nonequilibrium Green’s function theory, we derived a set of kinetic Bloch equa-
tions for a two-spin-band model for the conduction band. This model includes electron—
acoustic phonon, electron—LO phonon, and electron—impurity scattering. Electron—elec-
tron scattering is kept only to the Hartree-Fock level. By numerically solving the kinetic
Bloch equations, we study the time evolution of electron densities in each spin band and
the spin coherence — the correlation between spin-up and -down bands. The spin dephas-
ing time is calculated from the slope of the envelope of the time evolution of the incoher-
ently summed spin coherence. We therefore are able to study in detail how this dephas-
ing time is affected by temperature, impurity level, magnetic field, and electron density.
As the nature of the anisotropic system requires quite a large number of grid points in
three dimensional k-space, even a modern high performance computer system is still
restricted from taking a larger number of points to self-consistently solve the kinetic
Bloch equations. Therefore, our results are only qualitatively accurate. Moreover, the
parameter m, in the DP term is only known to be close in magnitude to the free elec-
tron mass [14]. In our calculation, this somewhat arbitrary number is assumed to be
0.5my. (If we take mq, = my in our calculation, the spin dephasing time in Fig. 4 will be
1.22 ns when B =6 Tand T = 100 K.) In order to achieve a more accurate prediction of
spin dephasing time, a first-principle calculation of this quantity is needed.
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Nevertheless, we believe that the main results of this paper are valid. First, we find
that the spin dephasing time depends sensitively on the impurity level. When we in-
crease the impurity density from O to 0.01 N, at a given temperature (therefore elec-
tron—phonon scattering is fixed), the spin dephasing time decreases. However, if we
further increase the impurity density to 0.1 N, the spin dephasing time increases. This
is explained by the dual role played by scattering, especially electron—impurity scatter-
ing. On the one hand, scattering induces spin dephasing through the anisotropic DP
term. On the other hand, scattering also reduces the anisotropy through momentum
space randomization which in turn increases the spin dephasing time. As a conse-
quence, one observes that the spin dephasing time first decreases when the impurity is
added. Above a critical impurity density, the spin dephasing time increases again. It is
important to point out that, when the impurity density becomes too high, another spin
dephasing mechanism, the EY mechanism [15, 16] which is not important for GaAs
when the impurity density is not too high, may become important and will decrease the
spin dephasing time. Therefore both mechanisms should be included if we want to max-
imize the spin coherence time at an optimal impurity density.

In the absence of impurity scattering, the spin dephasing time decreases when tem-
perature rises. Nevertheless, in the presence of moderate impurities, our self-consistent
kinetic calculation shows that spin dephasing time increases with increasing tempera-
ture. This is contrary to the result of earlier simplified calculations where the DP effect
induced spin dephasing time always decreases with temperature [17, 25]. However, our
result agrees with the findings of experiments [10, 12]. The physics of this feature is
again due to the role played by electron—impurity scattering in bringing the system
towards a more isotropic state. This becomes more efficient when temperature rises and
therefore weakens the anisotropic property of the DP effect.

Our calculation also shows that due to the fact that the DP effect is proportional to
the electron density, the spin dephasing time increases when the electron density de-
creases. This result is consistent with experimental findings [10]. Finally, our calculation
shows that the spin dephasing time depends on the magnetic field. Our results indicate
that the spin lifetime rises when the magnetic field increases. For the high electron
density case, this is exactly what was found in the experiment by Kikkawa et al. [10].
However, for low density the experiment shows the opposite trend. The physics behind
the low electron density case, together with the EY mechanism for the high impurity
density case, is still under investigation and the results will be published in a separate

paper.
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Note added in proof After acceptance of this manuscript, we noticed the latest experi-
ment by Kikkawa and Awschalom [26], which shows that the periodic pump pulse train
in the experiments [8—10, 12] may cause nuclear spin polarization, and the polarized
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nuclear spin can further cause the electron spin dephasing. The dephasing time induced
by this mechanism should also increase with temperature as the nuclear spin polariza-
tion becomes weaker at a higher temperature. Therefore, more experiments are neces-
sary for exploring the impurity effect proposed in our paper in order to get the optimal
doping density and temperature for a maximum spin lifetime. This can be achieved,
e. g., by sending radio frequency signals to remove the nuclear polarization and by vary-
ing the impurity level.
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